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R. W. Moir, R. H. Bulmer, T. K. Fowler, T. D. Rognhen, M. Z. Youssef 

April 8,2002 

Abstract 

We assume a spheromak configuration can be made and sustained by a steady 
gun current, which injects particles, current and magnetic field, Le., helicity 
injection. The equilibrium is calculated with an MHD equilibrium code, where an 
average beta of 10% is found. The toroidal current of 40 MA is sustained by an 
injection current of 100 kA (125 M W  of gun power). The flwc linking the gun is 
l / l O O O f i  that of the flux in the spheromak. The geometry allows a flow of liquid, 

either molten salt, (flibe-Li2BeF4 or flinabeLiNaBeF4) or liquid metal such as 

SnLi which protects most of the walls and structures from neutron damage. The 
free surface between the liquid and the burning plasma is heated by 
bremsstrahlung and optical radiation :md neutrons from the plasma. The 
temperature of the free surface of the liquid is calculated and then the 
evaporation rate is estimated. The impurity concentration in the burning plasma 
is estimated and limited to a 20% reduction in the fusion power. For a high 

radiating edge plasma, the divertor power density of 460 W / m 2  is handled by 

high-speed (20 m/s), liquid jets. For low radiating edge plasmas, the divertor- 

power density of 1860 MW/m2 is too high to handle for flibe but possibly 

acceptable for SnLi with jets of 100 m/s flow speed. Calculations show the 

tritium breeding is adequate with enriched Li and appropriate design of the 

walls not covered by flowing liquid 15% of the total). We have come up with a 

number of problem areas needing further study to make the design self 
consistent and workable. 

* 
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Introduction and background 

This power plant design study applies liquid walls to the steady state spheromak 
plasma confinement configuration. A self-consistent point design was not 
achieved in all aspects due to known inconsistencies. These inconsistencies set 
the agenda for further work. 

The spheromak idea carne about by a number of routes[l]. The toroidal coils of 
the tokamak might not be necessary if the plasma could carry enough current in 
the toroidal direction to make a sufficient toroidal field. In this case, the 
performance might be tokamak-like with a simpler magnet configuration. 
Marshall plasma guns made reasonably stable configurations. Early experiments 
were encouraging. Hagenson and Krakowski made a reactor design [Z]. Other 
reactor studies included solid first walls and boiling liquid blankets [3] and 
pulsed liquid walls [4]. The main theme of this work is the use of liquid wall and 
steady state operation. 

The logic of this design process follows: 
the configuration is description based on MHD equilibrium calculations 

a discussion of the steady-state gun injection for current drive 
the development of the plasma - and other related parameters 
a discussion of the electrodes and insulators 
a discussion of the liquid wall flows with the calculation of surface 
temperatures (based on incident power on the liquid surface and interior,) 
the calculation of evaporation rates from the liquid surfaces that depend only 
on surface temperature 

discussion of the edge plasma, the estimates of evaporation allowed from 
core plasma contamination with impurities, and the ability to breed tritium 

We consider low conductivity liquids (molten salts) and high conductivity 

liquids (liquid metals). The usual molten salt is flibe (Li2BeF4), but past studies 
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show the evaporation limits require temperatures near or below the melt 

temperature of 460 "C. Adding NaF to flibe produces flinabe (NaF+LiF+BeF2 = 

LiNaBeF4),[5], whose melt temperature is reduced to -310 "C. This study is based 

on flinabe as a candidate molten salt. SnLi is the liquid metal candidate. 

There are many aspects of the design that do not meet requirements or are 

inconsistent. These are discussed through out the report and many suggestions 
for further work are made. 

Conf iguration-equilibria 

The spheromak reactor shown in Fig. 1 was developed with the Corsica code. It 
is an axi-symmetric configuration with a nearly up/down symmetric confined 
region, but with slight vertical asymmetry to provide a single (lower) divertor. 
The shape of the confined region is maintained with 6 circular coils arranged in 
an up/down symmetric fashion. Two additional coils channel diverted flux 
around the gun electrodes and into a collector region. The free-boundary 
equilibrium is designed to have a flux amplification factor of 1000 with an 

elongation less than 2 to mitigate instabilities. Of particular concern are tilt and 
shift modes which will probably require [6] active feedback coils. These coils are 
mvisioiied to be relatively small and located near the inner surface of the . 
shielding structure facing the plasma in the confined region. The outer radius of 
the coafined region is 6 m and the confined volume is 652 m3. 

The distznce from the outer edge of the plasma to the first conducting wall is 1 m 
in the case of flibe (0.5 m from the plasma edge to the low conductivity flibe and 

0.5 m of flibe to the 30 mm thick stainless steel wall). In the case of SnLi the 
conducting liquid wall is 0.5 m away from the plasma. 
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Fig. 1. The spheromak configuration with liquid walls shown 3bove 
is the subject of this report. The liquid flow is kept to the outside by 
centrifugal force for molten salt and by magnetic guide field for 
liquid metals. Liquid jets greatly aid divertor heat removal. 
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The current profile deviates from the relaxed Taylor-state in that the h-profile 
(normalized current density, see [l]): 

varies as shown in Fig. 2, creating shear consistent with a Mercier beta limit of 

10%. The value of h on the open field-lines is about half that at the magnetic axis. 
The pressure profile, as shown also shown in Fig.2, has been optimized to yield 

the maximum Mercier limit for the given h-profile. The q-profile varies from 0.9 
on the magnetic axis to 0.3 near the edge. 

The toroidal current is 40 MA which results in B, = B, = 2.89 T at the magnetic 
axis' (magnetic field profiles are shown in Fig. 3) .  This level of current requires 
pack current densities of -30 A/mm2 in the shaping coils (near a practical limit) 
with the sizes as shown in Fig. 1. As noted, the toroidal current will have to 
increase as the design evolves, with the coil currents increasing in direct 
proportion. Therefore, the coil cross-sectional dimensions will have to increase 
by about 25% to keep the current densities within limits. 

The main equilibrium parameters are summarized in Table 1. Note the o"un 
cilrrent in the equilibrium model, 18.2 kA, is significantly less than the 100 k4 
value discussed in the gun model section later on. This discrepancy is due to the 

particular values of the toroidal current and the ratio of heXt /b  used in the 

equilibrium model, and needs to be resolved as the design evolves. 

. 

Another area for future work involves the edge-flux expansion ratio from the 
midplane to the divertor region. In the present design, the radial distance 

between the edge of the confined region and the inactive separatrix (Y=O 
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contour) is 1.5 mm and only expands by a factor of 4 to 6 mm in the divertor 
region. This expansion ratio needs to increase by a factor of 2 to 12 mm in the 
divertor region to be able to handle the power flux density discussed in the 
divertor section. This change will require an adjustment in the current and in the 
position of the outer divertor coil. Perhaps it will also require an additional 
divertor coil. 

L 

Toroidal B-field (axis), T 2.89 

Poloidal current (gun), kA 18.2 

Poloidal B-field (R=O), T 5.24 
Poloidal flux (edge), Wb 

(r=O to separatrix) 0.08 

Poloidal flux (axis), Wb 75.8 

Separatrix radius, inner, m 0.068 

Table 1 
Equilibrium parameters 

[Toroidal current, MA I 40 

I 

Separatrix radius, outer, m 1 6.00 

Fagnetic axis radius, m-1 

Core plasma volume, m 

Core plasma surface, m 

I Volume average beta, % 1 IO 

' This field level is not yet consistent with the total fusion power. The toroidal current will have to be 
increased to -60 MA to produce the desired 4.3 T field level if this is the correct field to scale from (see the 
next section for a discussion of scaling and further work needed). 
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Fig. 3. Magnetic field profile. The field is consistent with a model having 40 

MA toroidal current and beta equal to 10% volume averaged 
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Plasma parameters 

The Corsica model has a plasma pressure such that the volume averaged beta is 
10%. The field of 5.24 T on r=O axis, which corresponds to a 40 MA toroidal 
current. Based on prior work on the Field Reversed Configuration (FRC) [7], we 
can scale to get a first approximation of some of the parameters. First we scale 
the power density. 

---- - 961.59 r=0.39 m separatrix case for FRC for scaling PFRC - 2500 
V 2.6 

3~cnr X&:k 2 we see the FRC field is 5.5 T but this is on &e s=O axis’ (the. field on I 

the mag~etic axis is zero for the FRC). ! .  * . ,. 

SSflk = (3.938 IOw3 0.97’ - 5.54 /O. 12)) = 4.305 T . * _  (6)  

This value of magnetic field probably corresponds to the value somewhere.. 
beiwem <ne r=O axis of 2.89 T and that at the magnetic axis of 5.24 T -a 
reasonable first guess. A better estimate is left to fiiture work. 

The plasma density is also scaled from the FRC work. 

nspl, OC - 
1 
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3 The volume within the last closed flux contour is 652 m . The circumference in 

the poloidal plane of the last flux contour is 24.3 m. The area within this contour 

in the poloidal plane is 37.9 m . The surface area from the separatrix to the upper 

apex along the inside or nearest the axis is about 23 m and the area on the 

2 

2 

outside is 362 m'. This may be useful in deciding how much leakage plasma 

should enter the divertor on the outside versus the inside. Using the area ratio 
suggests the inside plasma leakage is only 6% of the outside leakage. We need to 
estimate the width of plasma flow on the inside flux surface to estimate the 
power density there. If we can show the power density on the inside divertor is 
small. We need only treat the outside divertor (see section on divertor). 
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Table 2 

Typical spheromak power plant parameters. 

Liquid wall radius, m 

Separatrix radius, m 

Magnetic axis, m 

Separatrix length, outside 
and inside, m 

Liquid flow path length, inlet 
nozzle exit nozzle, m 
Core plasma volume, m3 

Outer plasma area, m' 

Average ion temperature, 
keV 

Average ion density, lo2" m-3 

Peak ion density, 10" m-' 

Zeff 

s = plasma radius/ 
average larmor radius 

-ielicity current drive, kA 
iplicity (Gun) power, MW 

.- 
Toroidal current, MA 

Volume-averaged beta 

Magnetic field, T Poloidal 
Toroidal 

- 
- 

Flux from r=O to the 

separatrix, Wb 
Flux from separatrix to mag 
axis, Wb 
Energy confinement tirne, s 

Spheromak FRC 

6.5 1.5 
0.068, 6.0 0.39 

3.49 0.29 

15/10 8 

1.65 26 

? 31 

1.5 1.5 

1100 pr-- 
I 
! 

A- 
100 
125 ! 

40 ,..a 

i _*-- 

0.1 13.97 

1- 
-1 

Bz=5.24 @r=G 55 
Bo=2.890r=3.49 

0.08 
- 

I 
I 

i --- 
I 

75.8 j ___ 
1 

10.08 
I 

? 

FRC 

2.0 

1 
0.75 

8 

14 

25 

100 

18 

6.2 

6.8 

1.5 : 

26 

40 

0.78 

3.6 

0.33 

i -  

l l  



I .  

Ash particle conf. time, s 

Neutron wall load ave, 

? 

5 -5 

0.16 0.65 

27 18 

I MW/m2 

Surface heat load, W / m 2  

Neutron power, MW 

Bremsstrahlung radiation 

I /  
0.47 1.7 1.2 

2000 2000 1844 

46 MW,0.13 46 49 

power, MW 

Line radiation, core @15% 

MW/m2 

75 MW, 0.21 --- ---- 

Line radiation, edge@ 10% 

Palphar MW 

Charged-particle transport 
power, MW 

Input (Gun) power, MW 

1 %usion power, MW 
: 

L.--- 
i Net electric power, MWe 

Current Drive Model 

50 MW, 0.14 78 69 

MW/m2 

454 415 383 

125 @ Q=20 40 40 

2500 2500 2306 

1000 1000 1600 : i- 
- 

The magiletized Marshall gun used to create and;sustain spheromaks cm b e .  

represexed by an eiectric ciccuit in which the helicity injection :mydance is 
approximated by a resistor, &, giving a total guriimpedance [81: 

where T is :he gun current; 5T is the approximate sheath voltage with , 

temperature T (in eV) in the "flux core" that guides the gun bias flux and current 
along the geometric axis of the machine; and R,, is the ohmic resistance in the 
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flux core. Only R, is useful in sustaining the spheromak, with an efficiency f, 

Gun Ciarent, I (kA) . .  

Helicity injection impedance, R, (ma) 
Total gun impedance, GUN (ma) 
Gun voltage, I GUN (V) 
Power consumed by the p, I’l&m ( M W )  

Gun power supply power, f (MW) 

giving as the requirement for steady state: 

100 

2.23 

6.7 

670 

67 

125 ! 

where Pn is the ohmic dissipation of the spheromak with magnetic energy E and 

decay time z that we estimate as E = 700 MJ and z = 50 s for the parameters in 

Table 2. Finally, an optimum efficiency of f = 0.5 is obtained for a gun current 
given by [7,8]: 

To limit the gun power to 125 MW, giving-the nominal fusion gain Q = 20 in 

Table 2, requires a total impedance P/I = 12.5 ma, calling foz a not-unreasonable 
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I 

d-c. power supply impedance 12.5 - 6.7 = 5.8 mS2 and an overall efficiency to 

sustain the spheromak = P,/P = 14/125 = 11%. 

The unknown physics resides in the helicity injection impedance &-the subject 

of ongoing research in SSPX. The required value & = 2.8 mS2 in Table 4 is 

consistent with an enhanced resistance model of SSPX results, giving [SI: 

with f = 0.5 as above and ap = 4.8 to fix SSPX data [7]. The actual impedance may 
be higher, giving somewhat different bias flux and current, greater efficiency, 

and higher Q (e.g. I& =: 10 mi2 in earlier CTX results at Los Alamos [9]). The 
larger question is whether the instability processes of magnetic tearing and 
reconnection-thought to underlie the helicity injection impedance characteristic 
of short pulse experiments to date (milliseconds)-will persist in steady state. 

Electrode design 

The electrodes shown a: the bottom of 2ig. 1 provides the 100 kA of helicity 
currznt drive. Its active area is a disk of ziboui 0.25 m radius. This gives a current 

density of 50 A/cm2. A tapered electrode could reduce this current densi-ty and 

might ease cooling 

Insulator design 

The insulator is a cylindrical sleeve of radius 2 m about 5 m long, shown near the 
bottom of Fig. 1. Its purpose is to prevent current from passing across the gap 

between the center electrode at r=0.25 m and the cylindrical electrode at r =: 2.2 

m. The insulator is shielded from line-of-sight radiation. The neutrons and x-rays 
dose rate to the insulator from indirect radiation needs to be calculated to 

determine its lifetime. 
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Power plant considerations 

In this section we discuss the power flows. We assume 2500 h4W of fusion 
power. Of this, 2000 MW is in the form of 14 MeV neutrons. Nuclear reactions in 
the flinabe blanket are assumed to multiply this by 1.18, giving 2360 MW thermal 
power in the blanket. To this we add the incident power of the 500 MW from 
alpha energy which all gets into the flowing fluid either in the walls or in the 

divertor. Also we add the helicity injection power. We assume a 

Q=P~sion/Phjection=20 case, so Pinjection =125 MW. The total power going into the 

flowing fluid is 2985 MW. 

2360 M W  nuclear power in the blanket 
500 MW alpha power 
125 MW injection power 

2985 MW total 

The volumetric flow rate ( V )  is given by the flow at 10 m/s at the midplane with 
a 0.5 m thickness. The flow h the divertor jets and the slow flow in the 3ack of 

-the blanket are small compared to this. 

V = AV = 2 ~ A w  = 2 ~ 6 . 5  - 0.5 - 10 = 204.2 m3 ! s (13) 
For flibe: 

The mass flow rate (see Fig. 5) is: 

mblankr = 2000kg/m3 - 2M.2m3 / S  = 4.084.10' kgl s= flow through blanket 

The temperature increase in the mixed flow- from inlet to outlet is: 
(14) 

Past studies suggest a 100 "C temperature drop in the coolant to and from the 

heat exchangers is acceptable from an economic standpoint. We desire lower 
temperatures and use only 50 "C to keep the surface temperature low. This 
assumption will result in a modest plant cost increase. 
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= 2.5084. lo4 kg / s = flow to heat exchanger (16) P - 2985MW 
m m = -  

CAT - 2380 J kg-' K-' 50 K 

Since the blanket flow rate is larger than the flow to the heat exchanger, a fraction 
of the flow will be bypassed to the heat exchanger. 

mbjpuss - - mblunker - mHX . - - 4.084- lo5 k g l s  -2.5084- 10' kgls = 3.833-105 k g l s  (17) 

The temperature of the flow to the heat exchanger is assumed to be 450 "C and 
400 "C of the flow out. The melt temperature is estimated at 350 "C (perhaps as 
low as 310 ") for flinabe, giving a small margin (50 "C). Flibe has a melt 
temperature of 460 "C. 

For SnLi: 
The mass flow rate (see Fig. 5) is: 

YiZblanXet = 6000kg/m' -204.2m3/s = 12.25-105 k g / s =  flow through blanket (18) 

The temperature increase in the mixed flow from inlet to outlet is: I 

3 1 8.1 J kg-' K-' ~ 1 2.25 .1  O5 kg / s 
~ = 7.659 K - 2985 MW 

- 
P - 

'Thlnnker - c % u n k r  

- = 0.9384.105kg/s 
- 2985 MW 

CAT 318.1J!cg-' K-' 100K 
- P rnHX -- (20 ) 

Since the blanket flow rate is larger than the ilow rate to the heat exchanger, a 

fraction of the flow will be bypassed to the heat exchanger. 

m,, - mblUnker - m, = 12.25 . l  O5 kg / s - 0.93 84 . I O5 kg / 3 = 1 1.3 1 . l  O5 kg / s - (2 1) 

For Li: 
The m-ass flow rate (see Fig. 5) is: 

mhlunlrr = 485kg/m3 -204.2m3/s = 0.9904-10' kg/s= flow through blanket (22) 

The temperature increase in the mixed flow from inlet to outlet is: 

= 7.176 K P 2985 MW 
C 

- _ - _  
'l;,lunkzr - - 4200 J kg-'K-' .0.9904.1 O5 kg / s 

= 1.42 1 .lo' kg l s 
2985 MW 

4200 J kg-' K-' 50 K 
- - P mHx = - 

CAT 
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Since the blanket flow rate is larger than the flow rate to the heat exchanger, a 
fraction of the flow will be bypassed to the heat exchanger. 

mbypass - - mb[a,&et -mHx =0.99037-105 kgls-1.421.104 kg/s=8.482-104kg/s (25) 

Cool liquid from the heat exchanger can be fed to the first wall or 
mixed with the bulk flow. A - 

I r  

400 "C 
(450 "C) 
((300 "C)) 450 "C 

( 550 "C) 
Bulk AT 3.071 "C ((350 "C)) 

450 "C 
(550 "C) 
((350 "C 

3.83 x 105 kg/s 
(1 1.31 x 105 kg/s) 
((0.848~ 105 kg/s)) 

W 
4.08 x 105 kg/s 

(12.25 x l , O 5  kg/s) 
{( 0.990~ 16 kg/s)) 2/15/02 

Fig 4. Mass flow and temperame diagram for flibe as the liquid wall. 
Numbers in parentheses are for SnLi and double parentheses are for 
Li. 

Issues for flibe/flinabe case: 

1-AT=50 "C across heat exchanger is low. There will be an economic penalty for 

having so low a. value (100 "C is customary). 

2-Tccld = 400 "C is close to the melt temperature, assumed to be 350 "C. Freeze-up 

will be an operational issue. Perhaps the melt temperature will be 310 "C and 
the temperature can be lowered somewhat. 
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3- That = 450 "C is low for Carnot efficiency, so there will be an economic penalty 

(650 "C is customary). 
Issues for SnLi case: 

These seem reasonable from power plant point of view. 
Issues for Li case: 

1-AT=50 "C across heat exchanger is low. There will be an economic penalty for 
having so low a value 100 "C is usual). 

2- That = 350 "C is low for Carnot efficiency, so there will be an economic penalty 

(550 "C is customary for a liquid metal system). 

Liquid wall design 

The liquid flows in from the top in Fig. 1 with a nominal speed fo 10 m/s. In the 
case of flinabe there is enough azimuthal speed to keep the liquid on the outer 
wall by centrifugal force as shown by K. Gulec in related prior studies [Ref. 7, p 
5-94 to 5-1051. In the case of SnLi and Li, we assume the magnetic field will keep 
the flow closely following field lines. Stability of liquid metal flow is an area 
needi~g study. 

'Tie 'TL? of the liquid is heated up mostly by neutrons by only 3" C for lfliimbe, 
7.7" C icr SnLi and 7.2" C for Li cases, as shown in Fig. 4. The radiationin the 
fcrm .+ :)?tical line radiation coming from the core interior and the edge plasma 
and '2:emsstrahlung radiation from the core heats,the liquid near the surface. We 
me<- tc h o w  the surface temperature in order to calculate the evaporation rate. 

We wi!! treat two cases; one with relatively little optical radiation and one.with 
enhar.ccd optical radiation. The power flow to the divertor is highest with. the 

;GVieS radiation to the wall case. We believe these two extreme cases will bracket 
:he trade-off between a large wall evaporation and large divertor evaporation. 
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.- 
0.9 1 .o 1.1 1.2 1 .3  1.4 1.5 

911 112000 lOOO/T ,  Temperature in K 

Fig. 5. Evaporation rates into vacuurn for candidate liquids based on 
Ref. 7 p 8-14 to 8-18. The values given are based on data at high 
temperatures -1000 "C and extrapolated to lower temperatures and 
mzy be high, especially in the case of flibe. 

The vqmr pressure for Li2BeF4 used was P(Torr) = 10 9.oMws- 10-%41.05/T from [IO] 

Cantor, 3Isu and Ward (1965). At 500 "C, new theoretical analysis lowers this . 
predicted value by about a factor of two Ell] (Olander, %ukuda, and Baes; Jr;; . 

2002). Adding NaF to flibe will lower the vapor pressure hirEher due to dilution 

' of BeF2 and allow operating at a lower temperahire for .the:inlet Ficpid h e 4 0  the 

. 

. 

. .  lower melt -temperature of flinabe [5] (Peterson, 2001). * .  

From Table 5, we see the low radiation case has 0.35 MW/m2 of optical lihe 

. radiation surface heat load and 1.29 MW Lm2 in the high radiatim case. The . 
. Bremsstrahlung radiation for the flibe case was mistakenly left out of the 

calculation. Inclusion will raise the film drop by the ratio of 0.45/0.35. For SnLi, 

the sarface heat load is 0.48 MW/m2 and 1.42 W / m 2  for the low and enhanced 

radiation cases. Photons of 10 keV penetrate - 1 mrn into flibe, whereas the film 
thickness is about 8 mm thick. 
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Type of 
power 
Brem 

Line, core 

Line,edge 

Line, total 

Charged 
power to 
divertor 

Low radiation Enhanced radiation 
MW MW/m2 MW W / m 2  
46 0.13 46 0.13 

75 0.21 280.2 0.774 

50 0.14 186.8 0.516 

125 0.35 467 1.29 

454 3720 112 918 
6 mm flux 6 mm flux 
tube, one- tube, one- 

625 
0.27 

Ptotal, MW 

Prad/Ptotal 

, 

I i - L 7 3 4 " c  I T . . .  i 6 1 0 ~  j 
efi-ecitive 

ended ended 
625 

0.82 

The high Reynolds number (highly turbulent) flowing liquid with a free surface 
has eddies at the surface causing the surface to undulate. The transverse motion 

at the surface causes mass transport and therefore enhanced heat transfer over 
pure conduction. As  we move into the liquid, the eddies get larger and heat 
transfer is enhanced even more by convection. The equivalent thermal 

conductivity kequivalent has been calculated by Smolentsev [ 121, based on. models 

discussed in E131 and plotted in Fig. 6 for flibe divided by the classical thermal 

conductivity k, for the flow speed of 10 m/s and 0.5 m thickness. We take k to be 

1.06 W rn-* K-l. Smolentsev gets an enhancement of thermal conductivity at the 

free surface of 100. At the back wall there is a 70 pm laminar layer with no 
transverse motion. Thus the enhancement is unity. We will assume flinabe and 
flibe have the same properties. 
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Fig. 6. Thermal conductivity for flinabe and flibe versus dis 
from the free surface into the flowing liquid. 

:ance 

We can get the temperature profile by integrating €he heat conduction equation: 
P dT -=-k . - 
A equ'valenr dx 
Rearrangig terms: 

A dx P dT--  
k equivalent 

Integrating: 

" P  
, . ATfi,,,, = T(x = 0 ) -  T(x)  = -1. 

0 kequiwiettr A dx 

The integral using the variable equivalent thermal conductivity, from Fig. 6 is 

plotted in Fig. 7. 
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I t 

f l ibe 

440 t 

P/A=0.35 MWIrn"2, 
10 rnls, 0.5 rn 

4/4 /2002 Distance into the flowing liquid, rn 

Fig. 7. Temperature profile through the flowing liquid. 

There is a film drop on the surface and a flat temperature profile in the very 
turbulent interior ar?d a tilm drop on the back wall, which we will ignore because 
there is very little heat removal there in our case. The heat is practically all . 

convected out with the flow. 
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0.00  0.01 0.02  0.03  0.04 0.05  4501 

4 / 4 / 2 0 0 2  Distance into flowing liquid, m 

Fig. 8. Temperature profile near the free surface. 

The temperature drop from the surface to the interior or bulk is approximately 27 

"C for this case, with most of this drop occurring in a distance of 8.5 rnm. We call 
fhis the surface film. It is seen in Fig. 7 & 8.' 
. . .  

It'may be-useful to use the heat transfer coefficient, h, to calculate surface ' 
temperature. 
P 
A 

(3.9) - = h(T,,,, - T,",) = hA-Tfilrn 

From Fig. 7 we get the film drop and from Fig. 8 we get the derivative at the surface.' 

ILlh W I m K  

W I" ,. , ,,b.LL 

= 13,250-r 0.008m 
h= 2 7 K  m K  

For the liquid metal cases of SnLi and Li, we assume the motion is larninar and 
use the pure conduction temperature rise formula: 
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ATfilnl 2 E j  t 
A n k p C  

Flibe 
27 

479 

(520) 

This equation gives the temperature rise as the surface moves along while being 

SnLi 

83 

610 

(630) 

heated with a surface heat load of P/A, W/mL. For our case, we take typically 10 

m/s and 15 m of path length or 1.5 s of exposure. The exit temperature equals the 

entrance temperature + ATfih + ATblanket. Typically we have found the average 

evaporation occurs at a temperature about 3/4 of the way between the inlet and 

outlet temperature: Let us call this temperature the effective temperature, Teff. 

(33) 

(34) 

3 
4 Tff = L e t  + - (AT,u$ace + ATb[nnkrr 

3 
4 For flibe Tff = L l r r  + ATfi/ni + -AThlanket 

Table 6 

Summary temperatures for liyuil walls 
I Low radiation case Enhanced rad-1 

Elibe 1 SnLi 

(520)* (630)* 

case, so that new calculations will be needed. 

Tne average evaporative flux from the wall for flinabe for the low radiation case 

at 0.35 MW/rn2 is 2x1019 m s and at the enhanced radiation case of 1.29 

-2 -1 MW/m2is5x1020m s . 

-2 -1 
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The average evaporative flux from the wall for SnLi for the low radiation case at 

0.48 MW/m2 is 8 .9~10'~ m s and at the enhanced radiation case of 1.42 

W / m 2  is 8 . 0 ~ 1 0 ~ ~  m s . The inlet temperature was 542 Cf and the exit 

temperatures for the two cases were 626 C and 787 C respectively. 

-2 -1 

-2 -1 

The predicted temperature of the liquid wall due to heating from radiation is 
lower than the allowed temperature due to contamination from evaporation for 
the low radiation cases. However, it is higher for the enhanced radiation cases. 
This result is somewhat encouraging, depending on the amount of optical 
radiation. 

Table 7 
Properties used for candidate liquids 

Liquid Cf Pf kf 

J/kgK kg/m3 W/mK 
Flibe/flinabe 2380 1900 1.06 

Li 4360 450 53* 

SnLi 318 6000 40 ' 
PbLi 160 . 8700 15* 
Ga . 380* 5900 50' . 

Sn 230' 5700 I 35* 
I 
*500 C" 

. -  Divertor design 

The divertor is the region where the leakage plasma disposes of heat and . . 

particles and is shown in Fig. 1 (expanded view in Fig. 9). We plan to remove 
heat by injecting a high speed (up to 100 m/s) set of jets at a small angle to the 
magnetic flux which guides the plasma flow. The jets are shown in side- and 
end-views in Fig. 10. The jets can be made to form droplets if desired. 
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Fig. 9. The jets in the divertor are shown at 5" to the flux. 

A vertical riser tube brings liquid up to an inner and outer spray nozzle. These 
nozzles spray many rows of small jets or droplets (-1 mm dia) to intercept the 

edge plasma. They carry away heat and provide surface area for condensation ol' 

evaporated droplet material. The insulator must be protected from direct particle 
bombardment either by a sufficiently dense droplet stream or a low conductivity 
film on the surface. 
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\ 
Char ed particle power Jets 
incitent on jets 

I l l  I 'Jets and 
slab 

4 P c  oin7figure travelling 

dimension an order c4 nzap i tde  larger than this. Therefore, nea.r!y ?qua.! 
amounts would flaw c;rlt the top and through the aperture where the ieixactable 
electrode is shown in Sig. 1. The retractable electrode could be comp;&ely 
removed duriag normal operation after start-up. The plasma flowins thrGugh 
this aperture could go into a large tank with plenty of room to spread out the 

heat. This needs to be looked at in future design studies. 

a 
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For the discussion to follow we are going to assume that the 6 mm wide flow into 
the bottom divertor takes all of the power and this dimension grows to 12 mm. 
The enhanced radiation case of 112 MW flowing into the one-ended divertor then 

produces a power density of 459 MW/m2 over the 12 mm wide flux tube. If only 

half of the power flows is out the bottom, then the power density would drop in 

half to a somewhat more reasonable value of 229 MW/m2 for a double-ended 

divertor. This change needs to be studied in future iterations of the design. 

We now ask what are the evaporation rates for a liquid slab divertor and a jet 

divertor inclined at a small angle to the flow for a power density of 459 MW/mL. 

The results for a slab inclined at 5" with a flow speed of 20 m/s are 1.09~10 

's-' average flux for flibe and 2 . 6 4 ~ 1 0 ~ ~  m s €or SnLi. Tin = 673 K and Tout = 

28 m- 

-2 -1 

2,387 K for fiibe and Tin = 673 K and Tout = 1107 K for SnLi. Ti, icr SnLi should 

. have been 723 K for consistency with the h i d  :o the divertor from the cold leg of 
the he:': exchanger. For four rows of jetF (p/d=4) fol!owed by a slab as sho.wn in 

23 -2 - Fia: b l-i,  .:he malysis shows a reduced ev2poratioii. The results are 3.64~10 ni -'j 
_A 

1 fpr :-;- ' b  18 -7 . 
..I e Lir1c.i -lt.~?x10 m -- 3 for SiiLi. ]'he siii-prjsiiig :eciuction ot theJ-1. 

e v q m :  .'-ive flux is due to the reduc?!?v > y  -1 iacior oi 3-14 GI average Dower. 
C i r c d a t h  in the jets, exposin$< ._ al l  sides .CS :he iiicicknt p(>xwei*, cc3su:ts in a factor 
o.? 3 !owe:;. teinperature rise. ThG si.:rhc.c< ~?:r~persture mpears I ._ hi rhe  iqonent 0: 

.e the evz-mratioii equation. : F  

%r Ihe :.ow radiation case, the ck:arg&d cofvc!r  to the divertor of 45'1 b / W  over a 

12 nun wide flux tube would result in ;.St% 34PS/m6-- 'TE'e evaporation with 1OG. 

rr-./'s jec speed is estimated at 6 .0~10~ '  m ' 5  lor llindx and l . i : ~ l O ~ ~  rn s for 

SPLi 

,l 

- 1  -1 . -2 -1 

Edge plasma analysis 
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. ,  

The plasma beyond the magnetic separatrix shields the core plasma from the 
impurities that evaporate from the liquid wall. Here we discuss the modeling of 
this scrape-off layer (SOL) plasma and present results on the effectiveness of the 
shielding. With respect to the liquid first-wall, the maximum flux of impurities 
that the SOL plasma can shield then determines the allowable surface 
temperature of the liquid. The surface is heated by a combination of 
bremsstrahlung and line radiation from the core and edge region (see Table 2). 

The heat flux to the divertor region is also important, because it defines what 
peak heat flux must be tolerated by the divertor. 

The initial model for the edge plasma considers the thin annulus of the edge 
region as a long-thin plasma slab. The X-points are taken to be 10 m apart, and a 
divertor leg region of 2 m is used at each end. Because the toroidal magnetic 
field at the edge of a spheromak is small compared to the poloidal field, we take 
the B-field to have only a poloidal component.We assume that the divertor leg 
regims can be designed to give low-recycling of the hydrogen plasma, perhaps 
5y drawins these 5eld Lies.into a large dump tank. ?%us, the hydrogenic 
xcycling coe25cien: ;it the divertors-is assumed to he Rh=0.25. At the separakrix " 

densiq 9: the hyirogenic species (a 50/50% mixture of cleiiteriiim dnd trieum) is . : 

:zke:-* :a be.5~XI'~ and power into the SOL is taken a s  0 . 6 ~ 1 0 ~  VfiLrn2 in both . . . .  

-!$e iori and eleclmn c&mels: 'T& anomalous raciia 1 c1if.hsio.n cceificients 
arishg from plasma &rbu!ence is 0.33 rr?'/s ior density, and C.5 .r?/s.for electron 
:ad j.on ihermal energies. * .  

I 

. ': 

. .  . 
% -  

1: . . 
i 

-7- ihe calculated radial plasma profiles at the outer midplane are shown in Fig. 11. ' 
51s scale length of the densiv, $'Ad electron ki-tperz-kire, T,, are very similar 

svit?. a l/e value of 0.8 cm. The ion temperatiir~ has a characteristic high-. 
':emperahre tail because the ion parallel theim.al cor.ductivity is much lower 

thm that of the electrons. This allows radial diffusion to be substantial. 

. 
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Fig. 11. Radial profiles of ion density, and electron and ion temperatures. 
Values at the separatrix are n,(0)=5x10l9 m-3, T,(0)=493 eV, and 
T,(O)=504 eV. The input power from the core is 1 . 2 ~ 1 0 ~  W/m2. 

The impgrity gas coming from the liquid wall is modeled as a uniform flux dong 
' 1 1 ~  Txiia: 'xmndary at r-6.025 rn (which is 2'5 cm beyond the separatrix- edge) at 

a :eI:iF=::_.ture of 1 e V  E141 (Rognlien, 2002?):The-impmities have thesame. 

morrw it 2.3 radial diffusion coefficients as the hydrogenic species. The.imprity 
i a x  ?:<. . :*-\turn to the side wall and those reaching the divertor ;?!ate through-# 
axis! ': :..-I_ x e  assumed to be reabsorbed mostly into the liquid with a mdl- I 
~ c y c  ~ ~ Y I S  coefficient of K,,=0.25. Values of 13&,,p<0.5 produce Trery similar results. 

We! 2-1; ;'+z two impurity gas species, lithium and fluorine. Lithium is from * 

eitl Y :: -".J.x lithium wall or from a tinilithium wall, whic). wayoratesnearly all 
IithiLm. -i'k second impurity gas considered is fluorine, which comes from the 
moltfit. wlts flibe or flinabe. Because fluorine has the highest charge of the atoms 
in thrs2 srllts, it has the lowest allowable concentration at the care edge. The 
resultirtg impurity concentrations at the core edge are shown in Fig. 12. 

. .  . 

1 -  
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I 1 

Material Lithium Tin-lithium (80/20) 

Surface Temp. "C 410 630 

-2 -1 Impurity wall gas flux (m s ) 

Flir.abe/Flibe 

520 

Fig. 12. Concentration of impurities (&Jne) at the separatrix 
for various liquid wall impurity gas fluxes distributed 
uniformly along the wall located 2.5 cm outside the separatrix. 

Data from the vapor pressure of the various liquids versus temperature (see Fig. 
5) i s  then used with a simple model to calculate the vapor flux. Using the limits 
of flux noted in Fig. 12;we arrive at the following wall temperature iimits for 

- .  . . threematerials 

Table 8. 

Maximum surface temperatures of liquid walls 

The heat flux at the divertor plate is very large in this simple slab model that 
does not include any expansion of the magnetic flux surfaces shown in Fig. 1 & 

9. For the cases considered here, the parallel heat flux is equal to the poloidal 
heat flux, because there is no toroidal B-field. As a consequence, the flux is 
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approximately 1 GW/m2. The flux expansion of - 1 O : l  will reduce this to -100 

MW/m2 This model is double-ended, ie., double-null. The area of the flux tube 

before expansion at the 3 m radius divertor is 2 n: 3 m x 0.008 m = 0.151 m . The 

escaping power is 454 MW from Table 5 giving 454 MW/0.151 m2 x 0.5 (two- 

2 

,. 
ended) = 1500 MW/mL. If this flux tube expanded to 12 mm as discussed earlier 

the power density would be 1500 x 8/12 = 1000 MW/m2. 

The temperature limit of the divertor surfaces is set by sputtering and 
evaporation. The latter limit involves the sheath superheat phenomenon as 
studied for tokamaks [15,16]. Based on those studies a rough evaporation-based 
limit for the present purposes is set by the condition that the evaporating 
impurity flux is approximately equal to the incoming hydrogen ion flux [15,16]. 
This flux ratio is, "G" = (impurity atom flux)/(hydrogen ion flux). When G >> 1, 

(exact limit depending on surface material, flow velocity, and plasma paramters) 
the sheath collapses and runaway overheating of the surface occurs. For our 
base-casz of a low-recycling divertor, the peak hydrogen ion flux is 2 ~ 1 0 ~ ~  

sin@, particleslm' s, where 8, is the tilt angle that the divertor stream makes with 

the €3-field.; 8,=5' for the design here. Thus, the rule of G=? implies that the 

maximum impurity flux is 2x10 (particles/m2 s). From curves of evaporative 

flux versus surface temperature for different materials shown ir~ Fig. 5, such a 

flux corresponds to the following temperatures: for Li, T=580 OC; flibe/f'linabe, 

T=740 C; for SnLi, T=840 C, arid for Sn, T=1380 C. (For lithium, the sputtering 
limit is likely to be more restrictive). These results can be compared to those 

predicted on p 28 from heat transfer. For flibe, the evaporative flux predicted 

from heat transfer with rotating jets was 3 . 6 ~ 1 0 ~ ~  (particles/m2 s)  for the high 

radiating edge case. Perhaps this case is workable. For the low radiating edge 
case, the evaporative flux is about two orders of magnitude larger and seems 
unworkable. Clearly, this subject needs more study. 

23 
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For our base-case, the divertor surface is heated by a peak heat flux of lx103 

sine, (MW/m2) with a width of O.G/sinO, (cm). The peak temperature of the 

surface then depends on the conductivity of the liquid, which can be 
considerably enhanced by any turbulence, especially for low conductivity molten 

salts flibe and flinabe. Such an analysis is described in section, Liquid Wall 
Design. 

Tritium breeding analysis 

Potential for tritium breeding was assessed in the spheromak shown in Figure 1. 
The radial blanket consists of 50 cm thick fast-flowing liquid layer followed by 
-50 thick slow-flowing liquid layer. Flinabe is considered in the present 
assessment, but a comparison of the adequacy of tritium breeding is also made 
for Flibe. A design goal is to eliminate the presence of any neutron multiplier 
(eg. beryllium) other than that already in the liquid in the radial blankets shown 
in figure 1 due to its limitation on radiation damage lifetime, and complexity as 
well as resources concerns. However, the top and bottom blankets could be 
designed to be dedicated regions to supplement any additional tritium such that 
tritium self-sufficiency is achieved in the spheromak with a possibility of 
utilizing beryllium as a multiplier in these regions. Geometrically, the top and 

bottom regions occupy -7.5% each, of the 47r of the solid angle, while the radial 
blanket covers the remainder (-85%). 

Table 9 shows the options considered in the present assessment. It was shown 
that lithium-6 enrichment of 50% or higher is needed with flinabe, while 
enrichment of -25% is adequate in the flibe case. 

Table 10 gives the total tritium breeding ratio (TBR) and the contribution from 

each blanket when Flinabe is considered as the liquid breeder (design option I). 
As shown, without beryllium in the top and bottom blankets, the TBR is 
marginal (TBR -1.05). There is a risk that TBR may fall below unify if more 
accurate calculations (3-D) and accounting for present nuclear data uncertainties 
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are made. The TBR improves upon the utilization of a front Be zone in the top 
and bottom blankets. In this case, a TBR with comfortable margin is achieved. 
The TBR is - 1.12 when 10 cm thick beryllium zone is used in the top and bottom 
blankets and is -1.15 with 20 cm thick Be zone. 

(No Beryllium) 

Top Blanket 

Table 11 gives the corresponding tritium breeding capability in case the Flibe 
(25% Li-6) is used instead. The TBR is larger than with Flinabe by -11-13% (with 
Be in top and bottom blankets) and by -15% (with no Be in top and bottom 
blankets). 

(50% Li-6) 

Flinabe 

Design option 111 (using Li-Pb in the top and bottom blankets while Flinabe (or 
Flibe) is used in the radial blanket) does not offer significant improvement in 
TBR, as shown in Table 12. 

Table 9 
Options Considered in Evaluating Tritium Breeding 

-- I Option1 

Xadial Blanket I Flinabe 

Option 11 

Flibe 

(25”/0 Li-6) 

Flibe 
(50% Li-6) 

No Beryllizim 
10 cm Be zone 
20 cm Be Zone 

Option 111 
~~ 

Flinabe or Flibe 

Li-Pb 

(90% Li-6) 
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Table 10 

Total TBR with Flinabe and Contribution from Various Blankets 
(Option I) 

Blanket Location TBR 
Radial Flinabe Wall/Blanket 0.897 

(No Beryllium) 

Top Flinabe Blanket 
No BerylZium 0.078 

10 cm Be Zone 0.111 
20 cm Be Zone 0.124 

Bottom Flinabe Blanket 
N o  Be yllium 0.078 

10 cm Be Zone 0.112 
20 cm Be Zone 0.125 

Total TBR 
No BeiylZium 1.05 : 

10 cin Be Zone 1.12 
20 crn Be Zone 1.146 

1 No 3e in Top and Bottom Blankets 

Contribution 

-85Y01 

-78.3Y03 

-7.5% 

-10% 
-10.8% 

-7.5% 

-10% 
-10.9% 

t .  
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Table 11 

Total TBR with Flibe and Contribution from Various Blankets 
(Option 11) 

Blanket Location 

Radial Flibe Wall/Blanket 
(No Beryllium) 

Top Flibe Blanket 
No Beryllium 
10 cm Be Zone 
20 cm Be Zone 

Bottom Flibe Blanket 
No Berylliiim 
10 cm Be Zone 
20 cm Be Zone 

Total TBR 
No Beryllium 
10 cm Be Zone 
20 cm Be Zone 
‘I No Be in Top and Bottom Blankets 

TBR 
1.032 

0.089 

0.118 

0.124 

0.089 

0.117 

0.125 

1.21 

1.267 
1.282 

Contribution 
-85Y01 
-81.5Y02 
-8O.6Yo3 

-7.5% 

-9.3% 

-9.7% 

-7.5% 

-9.2% 

-9.7”/0 

2 10 co Be zone in Top and Bottom Blankets 
3 20 cm Be zone in Top and Bottom Blankets 
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Table 12 

TBR with Flinabe or Flibe Breeder in Radial Blanket 
And LiPb in Top and Bottom Blankets (Option III) 

Blanket Location TBR Contribution 

Radial Blanket (Flinabe) 0.897 -80.8% 

(No Beryllium) 

Radial Blanket (Flibe) 1.032 (-82.8%) 

Top LiPb Blanket 0.107 -9.6Y01- -8.6Y02 

Bottom LiPb Blanket 0.107 -9.6Y01- -8.6%' 

Total TBR With Flinabe 1.111 
With Flibe 1.246 
1: With Flinabe in Radial Blanket.. . . . . 2: With Flibe in Radial Blanket 

Conclusions and discussion 

This study examines a steady-state spheromak with a flowing liquid wall. .We are 

sufficiently encouraged by the results to recommend further work on the 

concept. However, for flibe, the evaporation from the walls in the high radiating 

edge case is too high, and for the low radiating edge case, the divertor 

evaporation is too high. The advantages of the simpl.er reactor embodiment of 

the spheromak (without toroidal coils and liquid walls replacing most of the 

solid first wall) are impressive. 

Inconsistencies needing resolution or improved performance are: 

Evaporation from the walls exceed the allowed value for the enhanced 
radiation case but seems acceptable for the low radiation case. The 
bremsstrahlung radiation needs to be added to the wall heat load for the flibe 
case to get a revised film temperature drop estimate. Better estimates of 
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optical radiation are needed. The film drop used 0.35 W / m L  rather than 

0.48 MW/m2, as it should have been. The evaporation in the divertor seems 

possibly acceptable for the high radiating edge case but not for the low 
radiation edge case. 
The scrape-off layer plasma (-10 mm) exceeds the magnetic flux layer of 1.5 
mm, thus the assumption that most of the exhaust goes to the single null 

divertor at the bottom is not achieved. The vertical scrape-off layer can exit 
the machine through the small aperture at the top into a large open tank. This 
may be a big advantage by lowering the power density in the divertor. 

The gun threading magnetic flux is unusually small (1/1000 time the 

spheromak flux). Will this be realistically achievable? 

The plasma parameters need to be estimated more accurately with more 

detailed modeling. 

We should learn how to breed tritium without enriching the lithium and 

withoix adding solid beryllium to the blankets at the top and bottom. 
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